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Abstract 
 
Quaternary-ordered double perovskite A2MM’O6 (M=Mo,W) semiconductors 
are a group of materials with a variety of photocatalytic and optoelectronic applications. 
An analysis focused on the optoelectronic properties is carried out using first-principles 
density-functional theory with several U orbital-dependent one-electron potentials 
applied to different orbital subspaces. The structural non-equivalence of the atoms 
resulting from the symmetry has been taken in account.  In order to analyze optical 
absorption in these materials deeply, the absorption coefficients have been split into 
inter- and intra-non-equivalent species contributions. The results indicate that the effect 
of the A and M’ atoms on the optical properties are minimal whereas the largest 
contribution comes from the non-equivalent O atoms to M transitions. 
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1. Introduction. 
The optical, electronic and catalytic properties of semiconducting oxides are 
used for many technological and commercial applications: transparent conductors, 
heterogeneous catalysts, pigments, photocatalysts, solar cells, etc.  
Experimentally there is immense interest in the energy band-gap and carrier 
transport control, the catalytic activity, chemical stability, etc. With respect to the band 
bap engineering the experimental efforts focus on how to synthesize new perovskite 
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compounds with an adequate energy band bap in order to use the solar spectrum more 
efficiently. For single-gap semiconductors, the efficient use of sunlight is achieved 
when the band gap is such that a large fraction of the visible spectrum (from roughly 1.7 
to 3.1 eV or 740–400 nm) is absorbed.  
A2M’MX6 double perovskites are a group of materials derived from the simple 
perovskite structure (AMX3). In accordance with the ionic model, M is a d0 transition 
metal of interest (Ti4+, Nb5+, Ta5+, Mo6+ or W6+), while M’ and A  are electropositive 
ions with a lower oxidation state than M, and X is a anion. In many of the compounds 
analyzed, X is the oxygen and A is an alkali, alkaline-earth or rare-earth atom. In the 
case of the oxide (X=O), the M and M’ cations are octahedrally coordinated by oxygen. 
Because of the electropositive character of the A, their contribution to the electronic 
states of the edges of the band is small. However, the introduction of this inert A ion 
leads indirectly to a structural modification of the MO6 and M’O6 octahedral.  This 
provides a mechanism for modifying the electronic structure through the use of A ions. 
Eng et al. [1] synthesized a number of simple (AMO3) and double perovskites 
(A2M’MO6) with band-gap energy of around of 2.7 eV and 3.4-3.7 eV for the 
molybdenum and tungsten compounds (M=Mo,W). Furthermore, the crystalline 
structures of six tungsten- or molybdenum-containing quaternary perovskite oxides 
(M=Mo,W) were determined from the analysis of monochromatic X-ray and neutron 
diffraction data [2]. Ba2MgWO6 and Ba2CaMoO6 both adopt cubic symmetry (space 
group Fm3m , nº221). Ba2CaWO6 crystallizes with I4/m (nº 87) symmetry indicative of 
out-of-phase rotations of the MO6 octahedra about the c-axis. Sr2ZnMoO6 also adopts 
I4/m symmetry. Sr2ZnWO6 crystallizes with monoclinic symmetry (P21/n, nº 14) 
without-of-phase octahedral tilting distortions about the a- and b-axes, and in-phase 
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tilting about the c-axis. Ca2CaWO6 also has P21/n symmetry with large tilting 
distortions about all three crystallographic axes and distorted CaO6 octahedra. 
Experimentally none of these compounds possesses gaps below 2.7 eV. At the 
highest sunlight concentration the maximum efficiency is around 41% at Eg = 1.1 eV [3-
6]. It has led to experimental efforts to reduce perovskite optical gaps using chemical 
doping and substitution [7-14]. Nevertheless, the efficient use of sunlight can be 
increased using multi-gap solar cells with larger energy band-gap host semiconductors 
[3-6]. Using only the energy gap as a criterion for efficiency, the Mo- and W-
perovskites are worse than the V- and Cr-double perovskites for a single-gap solar cell 
because the latter have an energy gap lower than and closer to the optimum for a single 
gap solar cell (~ 41% at Eg ~ 1.1 eV) [3-6]. However, better exploitation of the solar 
spectrum can be obtained with multi-gap solar cells. The optimum gaps for multi-gap 
solar cells are larger than for single-gap solar cells [3-6]. Therefore, a low (high) gap, 
i.e. a “good (poor)” gap, for single-gap solar cell can be a “poor (good)” gap for multi-
gap solar cells. Of course, the multi-gap solar cells are much more complicated to 
manufacture than the single-gap.  
From the aforementioned, a still open question is whether there might exist 
materials in this class with a more significant overlap with the solar spectrum. Usually, 
as first approximation, only the energy gap is considered. However, regardless of the 
type of devices (single- or multi-gap light absorber), the main property related with the 
solar spectrum absorption is the absorption coefficient. Therefore the microscopic 
understanding of the absorption of these materials is essential. In this study, we obtain 
and analyze the optical properties from the electronic and structural properties using 
first-principles. For a better understanding, the absorption coefficient will be split into 
different components. The structural non-equivalence of the atoms resulting from the 
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symmetry will be taken in account. It will permit the structural and electronic properties 
with the optical absorption to be related directly, and differentiates the contributions of 
transitions involving atoms which are symmetrically different.  Thus the effect of the 
same atoms at different positions can be evaluated. It could be of great importance in 
order to know the effect of substitutions and doping at the different structural positions 
on optical absorption. 
2. Methodology 
In order to obtain the electronic properties we use first principles within the 
density functional (DFT) formalism [15] with a private modification of the SIESTA 
code [16]. The standard functionals used in DFT underestimate the band gap of a wide 
range of semiconducting materials. Therefore, a further extension beyond the standard 
DFT was carried out using the DFT+U method [17-21] including an orbital-dependent 
one-electron potential to account explicitly for the important Coulomb repulsions not 
dealt with adequately in the standard approaches. The DFT+U depends on: (i) the U 
value, (ii) the choice of the orbital subspace on which the correction is applied, (iii) the 
orbital occupation numbers, and (iv) the implementation chosen [18-21]. In this work 
we use the DFT+U formalism described in references [18,19], applying  the orbital-
dependent one-electron potential U to several orbital subspaces, and using the 
generalized gradient approximation (GGA) from Perdew, Burke and Ernzerhof [22] for 
the exchange-correlation potential. The standard Troullier–Martins [23] 
pseudopotentials are adopted and expressed in the Kleinman–Bylander [24] factorized 
form. The valence wave functions are expanded into a numerically-localized 
pseudoatomic orbital basis set [25].  In all results in this work periodic boundary 
conditions, spin polarization, and double-zeta with polarization localized basis set have 
been used. The number of special k points in the irreducible Brillouin zone Ba2CaMoO6, 
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Ba2CaWO6, Ba2MgWO6, Ca3WO6, Sr2ZnMoO6, and Sr2ZnWO6 has been 63, 124, 63, 
140, 192 and 192 respectively. The numbers of atoms used in the supercells are 40 for 
Ba2CaMoO6 and Ba2MgWO6, and 20 for Ba2CaWO6, Ca3WO6, Sr2ZnMoO6, and 
Sr2ZnWO6.  
The optical properties have been obtained from the complex dielectric function  
2
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using the Kramers-Kronig relationships. Here kEμ, G  and kfμ, G  are the single-particle 
energies and occupations of the µ band at k
G
points in the Brillouin zone, and pμλ are the 
momentum (p=i(m/ħ)[H,r]) matrix elements between the µ and λ bands at k
G
points. 
Both, the local and non-local parts of the pseudopotentials have been considered in the 
calculation of the momentum matrix elements. 
In order to analyze the intra- and inter-atomic species contributions to the optical 
properties, depending on the square of the momentum operator matrix elements, we 
have split pμλ  into symmetrically non-equivalent species contributions such as
AB
A B
p pμλ μλ=∑ ∑ , where ABpμλ is the inter-species component that couples the basis set 
functions on different species atoms A and B. If A=B it represents an intra-species 
component.  
The real part of the conductivity (σ1) is proportional to e2. Therefore, it can be 
expressed explicitly as a sum over transitions proportional to the square moment 
analogous to e2. Other optical functions can be similarly related to a sum over 
transitions, in particular, the real part of the dielectric function (e1) and the absorption 
coefficient. Using the Kramers-Kronig relationships, the real part of the dielectric 
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function e1 can be expressed explicitly as a sum over transitions proportional to the 
square moment [26]:  
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The absorption coefficient is related to the complex dielectric function e2 and the 
index of refraction n: 2( ) ( ) / [ ( ) ]e n cα ω ω ω ω= , with E ω= =  .  The index of refraction n 
is also related to the real e1 and imaginary e2 parts of the dielectric function:
2 2
1 1 2( ) / 2n e e e= + + . Note that for 2 1e e , which is often true in semiconductors, 
the previous equation can be simplified to 1( ) ( )n eω ω . Furthermore, if the refractive 
index n(ω) is only weakly frequency dependent on the ω-values of interest, the 
absorption coefficient can be approximated as 2 0( ) ( ) / [ ]e n cα ω ω ω , where n0 is the 
constant background refractive index. This expression allows the absorption coefficient 
to be linked explicitly to a sum over transitions proportional to the square moment 
similar to e2. This approximation is equivalent to substituting the index of refraction 
function n(ω) by a constant n0, and is very commonly used. In order to determine the 
optical properties of a semiconductor as a function of photon energy experimentally, 
absorption, transmission or reflection measurements are usually taken carried out. It 
permits, for example, to determinate the absorption coefficient experimentally. Using 
the previous approximation in the reverse direction ( 2 0( ) ( / ) ( )e n cω ω α ω ) the 
complex dielectric function e2 is obtained from the experimental results. Thus, from the 
splitting of the square momentum or the e2, the absorption coefficients and other optical 
properties can be split: AA AB
A A B A
α α α≠= +∑ ∑ ∑ + (terms involving three and four 
different non-equivalent species). 
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3. Results and Discussion.  
In the crystal structures of the six ordered double perovskites (Ba2CaMoO6, 
Ba2CaWO6, Ba2MgWO6, Ca3WO6, Sr2ZnMoO6, and Sr2ZnWO6) there are 
symmetrically non-equivalent atoms [2] (Figure 1). For the Ba2CaMoO6 and 
Ba2MgWO6 all the oxygen atoms are crystallographiycally equivalent. However, in the 
other structures there are several non-equivalent O atoms: two for Ba2CaWO6 and 
Sr2ZnMoO6 (labeled as (1)O and (2)O ), and three for Ca3WO6 and Sr2ZnWO6 (labeled as 
(1)O , (2)O  and (3)O ). Furthermore, there are two non-equivalent Ca atoms in the 
Ca3WO6 compound ( (1)Ca and (2)Ca ). In accordance with the non-equivalence of some 
atoms, these compounds can be represented by: (1) (2)2 2 4Sr ZnMoO O , 
(1) (2)
2 2 4Ba CaWO O , 
(1) (2) (3)
2 2Sr ZnW(O O O ) , and 
(1) (2) (1) (2) (3)
2 2Ca Ca W(O O O ) . This non-equivalence will be 
taken in account in our analysis.    
The experimental band-gap energy for the molybdenum compounds ordered 
double perovskites are nearly identical (2.7 eV) whereas the gap for the tungsten 
containing ordered double perovskites varies slightly (3.4-3.7 eV) [1]. Theoretically, 
gaps are underestimated by DFT with the GGA, and overestimated by GW and HSE06 
[27] for these materials. Gaps within ±0.20 eV with respect to experimental values have 
been obtained using an ad hoc procedure developed to correct DFT and many-body 
perturbation theory gaps [27].  
In order to study the electronic and optical properties we have used several 
GGA+U schemes in order to apply the orbital-dependent one-electron potential: U=5 
eV for the d(M) and d(Zn) states, UO3M5 (U=3 eV for the p(O) states and U=5 eV for the 
d(M) states), and Uall=5 eV (U=5 eV for p(Ba), p(Sr), p(Ca), p(Mg),  d(Zn), d(Mo), 
d(W)  and p(O) orbitals). The band-gap energies obtained are shown in Table 1. The 
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GGA (GGA+U with U=0 eV for all states) is symbolized by U0. The DFT+U corrects 
the spurious self-interaction for the orbital subspace (OS) in which it is applied, while 
the remaining ones are still affected by the self-interaction error [19]. Therefore, if the 
contribution of the subspace of correlated orbitals to the band edges is small, the gap 
will remain almost unaffected. In the U=5 eV scheme we have only applied the U to the 
d orbitals of the transition metal atoms. However, the self-interaction of the valence 
band (VB) and the conduction band (CB) of the host semiconductor has not been 
completely considered in this scheme. To do so we choose the subspaces of correlated 
orbitals which form the VB and the CB. We later show that the largest contribution to 
the VB edge is from the pt(O(i)) states, while that to the CB edge is from the 
combination of dt(M) and pt(O(i)) states, which justifies the UO3M5 scheme.  In addition, 
the correction can be applied to all the atomic orbitals that form the VB and the CB, as 
for the Uall scheme. Note that these calculations are not equivalent to the application of a 
scissor operator. They are self-consistent. These self-consistent DFT+U calculations can 
be used to locate the atomic bands in the energy ranges that are found experimentally, 
while they remain a self-consistent calculation. This seems more reasonable physically 
than applying a scissor operator ad hoc. In this way, the theoretical gap will be more 
similar to the experimental values, but considering the combination of orbitals self-
consistently. 
Nevertheless these corrections are limited by a dilution effect [19] because the 
changes induced by the self-interactions decrease with the mix between correlated 
orbitals and other orbitals. In many cases, the DFT+U method is applied by assuming 
that the states are strongly correlated, i.e., ignoring the dilution effect when there is a 
substantial mix of states [18,19]. The effect on a band of the one-electron potential U 
applied to an OS depends on the contribution of the orbital from the OS to the band. 
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The changes induced in the band decrease with the mix between correlated orbitals from 
the OS and other orbitals with a lower U (or U=0). It is the result of a dilution effect 
deeply analyzed in reference [19]. Weakly correlated systems lead only to minor 
corrections with respect to the standard DFT. Thus, we avoid applying an artificial split 
in the bands. An example of different behaviors can be found in references [18,19,28]. 
Because of this dilution effect that reduces the self-interaction, the modification of the U 
values can lead to very small changes, as in the Cu−Sb−S Tetrahedrites [29]. This 
prevents a self-consistent DFT+U from being used extensively as a parametrized 
method for fitting the energy band gap or other properties. Of course it can be done with 
the application of a (non-self-consistent) scissor operator to the DFT results. 
We found that the band-gap energy using Uall=5 eV scheme are closer to the 
experimental, whereas the other U schemes tend towards band-gap energy 
underestimation. For the six ordered double perovskites the bands at the top of the VB 
are rather flat so that direct and indirect transitions should occur at very similar 
energies, in agreement with previous results in the literature [1].  
Of course, it is necessary to take into account multiple effects, including spin-
orbit, electron-phonon interactions and exciton binding in order to predict the gap more 
precisely. When spin-orbit effects are included in the standard DFT and GW 
calculations of several systems with heavy elements [30,31] and WO3 with a perovskite 
structure [32], the spin-orbit splitting is ~ 0.1 eV. In the latter case the reduction of 0.1 
eV in the energy band gap comes from the lowering of the CB edge. The CB minimum 
is made up of the combination of d(W) and p(O) states like the double perovskites 
analyzed in this work. The energy band gap decreasing for WO3 is attributed [32] to the 
d(W) states, more affected than the p(O) states by the spin-orbit effects. When both 
spin-orbit and electron phonon interaction are included, the WO3 band gap downward 
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shift is 0.3-0.4 eV. A similar band gap downward shift would be expected for the 
double perovskites analyzed in this work. 
In all the ordered double perovskites the M (M=W and Mo) atoms are 
octahedrally coordinated by oxygen [1,2]. Therefore, the geometry around the M sites is 
approximately octahedral. The d(M) states are split into de(M) ( 2zd  and 2 2x yd − )  and 
dt(M) (dxy, dxz, and dyz) states respectively. The t symmetry crystalline wavefunctions are 
formed mainly by the combination of the dt(M) states with the pt(O(i)) states of the 
nearest oxygen atoms. These analyses are confirmed by the projected density of states 
(PDOS) on atoms and atomic states (Figure 1). The results in the figure indicate that the 
largest contribution to the VB edge is from the pt(O(i)) states, while that to the CB edge 
is from the combination of dt(M) and pt(O(i)) states.   
As has already been mentioned, although the energy gap of these materials is 
larger than the optimal for a single-gap light absorber, the efficient use of sunlight can 
be increased using multi-gap solar cells with larger band-gap energy host 
semiconductors [3-6]. In any event, the host-semiconductor optical absorption for both, 
single- or multi-gap devices, is very important.  
To evaluate the potentiality for optoelectronic applications we have obtained the 
optical absorption coefficients α (Figure 2). Despite the variation in the band-gap energy 
obtained using different GGA+U schemes, we will use them to analyze their effect on 
the optical properties, more demanding theoretically and computationally than the band-
gap energy.  This is because the calculation of the optical properties involves, in 
addition to the electronic structure needed to obtain the band-gap energy, the 
occupations and the transition probabilities.  From the figure, the results do not vary 
significantly between the GGA+U scheme used when the origin of the energy is shifted 
by the band-gap energy Eg so that the onset of absorption occurs at zero energy. Of 
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course, as Eg is different, the relative position of the peaks with respect to each other 
does change. The experimental diffuse reflectance spectra of the six ordered double 
perovskites present two peaks above the energy band-gap of around 0.3-0.5 eV and 1.1-
1.3 eV [1]. The optical absorption peaks at around 0-4.0.5 eV (for Ba2CaMoO6, 
Ba2MgWO6, and Sr2ZnWO6) and 0.9-1.1 eV (for all double perovskites) above the 
energy band gap in Figure 2 compare well with the experimental results.  
In order to quantify the contributions of all non-equivalent chemical species to 
the absorption coefficients, we have split them according to what is described in 
calculation section. The absorption coefficients split into intra- and inter-species 
components are shown in Figure 3. The largest contribution corresponds to the O(i)→M 
transitions. The M→M, and O(i) → O(j) contributions are lower. The other transitions, 
not shown in the Figure, make a very low contribution. These results indicate that the 
effects of the A and M’ atoms on the optical properties are minimal in most cases, 
confirming the experimental results [1]. 
As has already been mentioned, the maximum efficiency at the highest sunlight 
concentration (46200 sun, 1 sun=1 Kw/m2) is around 41% at single-gap solar cell [3-5]. 
Using multi-gap solar cells with a large number of gaps the limiting efficiency is ~ 77 % 
[6]. In order to estimate the potentiality of these materials as multi-gap solar-cell 
devices, we have obtained the maximum efficiency. We have used a generalized multi-
gap model of that described in Ref. [3]. To obtain maximum efficiencies it is usually 
assume that: the sun is a blackbody at 6000 K, the cell operates at 300 K, any non-
radiative recombination is suppressed, carrier mobilities are infinite (no ohmic losses), 
illumination comes from an isotropic gas of photons, and the cell absorbs all incident 
photons above the band gap. Of course, it is an idealization used to obtain the absolute 
maximum efficiency. Several non-ideal recombination channels can reduce the ideal 
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maximum efficiency [33]. From the results, for the molybdenum (tungsten) compounds 
ordered double perovskites with Eg ~ 2.7 eV (Eg~ 3.4-3.7 eV) the maximum efficiencies 
are between 60-74 % (44-65 %) from double- to quintuple–gap solar cell. These values 
exceed the limits of single-gap solar cell (~ 41%). Furthermore, for molybdenum 
compounds, the limits are close to the absolute maximums of double-gap solar cell (60 
% versus 64 % approximately) and of the large multiple-gap solar cell (74 % versus 77 
% approximately). 
 
4. Conclusions. 
Using GGA+U first-principles density-functional theory with several U applied 
to different orbital subspaces, we have studied the structural, electronic, and optical 
properties of six ordered double perovskites (Ba2CaMoO6, Ba2CaWO6, Ba2MgWO6, 
Ca3WO6, Sr2ZnMoO6, and Sr2ZnWO6). The non-equivalence resulting from the 
symmetry has been taken in account in our analyses.  Therefore, despite almost all 
double perovskites being quaternaries, we have considered from five and six non-
equivalent species in all cases.  
From the analyses of atomic and orbital contributions to the band structure, the 
largest contribution to the VB edge is from the pt(O(i)) states, while to the CB edge is 
from the combination of dt(M) and pt(O(i)) states.   
These materials have a high potentiality as absorbents because they present a 
large absorption above the energy gaps.  The difference between the absorption 
coefficients above the band-gap energy obtained using several GGA+U schemes are 
small. The main variation of the absorption coefficients obtained using several GGA+U 
configurations is for the band-gap energy, i.e. for the onset to absorption occurs. 
However, above the band-gap energy the differences are small. 
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Furthermore, the absorption coefficients have been split into inter- and intra-
species contributions in order to identify the cause of the high absorption. From the 
results, the largest contribution is from O(i)→M transitions. The M→M, and O(i) → O(j) 
contributions are lower, and the other possible transitions contribute almost nothing.  
This indicates that the effects of the A and M’ atoms on the optical properties are 
minimal in most cases. 
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List of Tables 
Compound space group  GGA+U  Theo(a) Exp(b) 
  U0=0 U=5 UO3M5 Uall=5   
Ba2CaMoO6   Fm3m (nº221) 2.08 2.35 2.57 2.74  2.6 2.7 
Ba2CaWO6  I4/m (nº 87) 2.53 2.94 3.10 3.20 3.5 3.6 
Ba2MgWO6  Fm3m (nº221) 2.35 2.61 2.86 3.03 3.5 3.4 
Ca3WO6  P21/n (nº 14) 2.87 3.25 3.30 3.30 3.7 3.6 
Sr2ZnMoO6  I4/m (nº 87) 2.13 2.29 2.42 2.51 2.9 2.7 
Sr2ZnWO6  P21/n (nº 14) 2.52 2.65 2.61 2.65 3.8 3.7 
 
Table 1: Calculated band-gap energy (eV) using deferent GGA+U schemes, and 
theoretical (a) [27] and experimental (b) [1] literature data. 
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List of Figures 
Figure 1: The (a) Ba2CaMoO6, (b) Ba2CaWO6, (c) Ba2MgWO6, (d) Ca3WO6, (e) 
Sr2ZnMoO6, and (f) Sr2ZnWO6 crystal structures. 
 
Figure 2: Projected density of states (per atom) on the main shell states of the non-
equivalent atoms for (a) Ba2CaMoO6, (b) Ba2CaWO6, (c) Ba2MgWO6, (d) Ca3WO6, (e) 
Sr2ZnMoO6, (f) Sr2ZnWO6 with Uall=5 eV. e3 identifies the Mo or W and e4, e5 and e6 
the different non-equivalent O atoms (see text). The Fermi energy has been chosen as 
the origin of the energy.  
 
Figure 3: Absorption coefficients α(E) for (a) Ba2CaMoO6, (b) Ba2CaWO6, (c) 
Ba2MgWO6, (d) Ca3WO6, (e) Sr2ZnMoO6, (f) Sr2ZnWO6 with U=0 eV, U=5 eV and 
Uall=5 eV (U0, U5 and Uall labels in figure respectively). The band-gap energy has been 
chosen as the origin of the energy.  
Figure 4: More important intra- and inter-species absorption coefficients components 
for  (a) Ba2CaMoO6, (b) Ba2CaWO6, (c) Ba2MgWO6, (d) Ca3WO6, (e) Sr2ZnMoO6, (f) 
Sr2ZnWO6 with Uall=5 eV. The energy scale has been shifted by the band-gap energy. 
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